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EXECUTIVE SUMMARY

A. OBJECTIVE

The objective of this research effort was to investigate basic material
properties that affect shock wave attenuation in construction materials, and to
field test materials which show promise as external shock mitigators (ESMs) for
Air Force hardened facilities. The data developed provide an insight into
shock-attenuation behavior of materials at high strain rates characteristic of
high-intensity, short-duration Tloadings associated with close-proximity
conventional weapon detonations.

B. BACKGROUND

The use of external shock-mitigating “backpack” materials surrounding a
structure is one method of protecting a buried structure from the effects of
blast loading. This method holds promise for retrofitting existing buried
structures to provide additional protection from ground shock. By ”backpacking”
a buried structure, stress can be attenuated when a shock wave is transmitted
through the backpacking material to the structure.

A suitable shock-absorbing backpacking material should be crushable and
should possess a Tow compressive strength and a high degree of compressibility,
thereby reducing the magnitude of peak stress reaching the structure, and
accommodate the peak deformation of the backfill material without a sharp
increase in stress above the compressive strength.

C. SCOPE

The scope of this effort included evaluating the efforts of other
researchers in the field of ground shock structure-medium interaction, and
testing novel construction materials which are potential ESMs. This effort
included acquiring materials and equipment, sample preparation, testing, and
analyzing response data. A field test was designed and conducted to evaluate two
potential ESM systems.




D. EXPERIMENTAL CRITERIA

Materials that may mitigate the ground shock effects of close-in
detonations of general purpose aerial munitions were evaluated. Assuming the
detonation occurs at a sufficient scaled depth of burial for full energy
coupling, that is, approximately 1.4 ft/1b1ﬁ5 or greater; and at a scaled
standoff of 2 ft/]b“s, the peak incident free-field stress may range from 200
to 10,000 psi, depending on the soil type and condition. For this type of
scenario, the peak scaled free-field displacement may exceed 2 in/16'3.(1)

E. RESULTS

The results of the field test verify the benefit of a new type of ESM
material system, consisting of polyester terephthalate (PET) plastic bottles,
embedded in a 1ightweight cellular foam grout. The resulting composite material
is 77 percent air, by volume. Both this system and a conventional, “crushable”
ESM material, bonded hollow, ceramic spheres, were field tested. A
general-purpose, 1000-pound bomb was detonated 21 feet from the face of the NATO
structure at the, Tyndall AFB Sky-10 test site, at a depth of burial (DOB) of
8.13 feet. One test panel, 3 feet square by 18 inches thick, was fabricated from
each potential ESM material system. The bonded hollow ceramic sphere panel
transmitted approximately 10 percent of the peak free-field ground shock stress,
and was permanently crushed to about 50 percent of its original thickness. The
grouted PET-ESM panel also transmitted only about 10 percent of the peak
free-field ground shock stress, but the amount of permanent crushing was only 6
percent of its original thickness. The resulting crater was approximately 45 feet
in diameter and 18 feet deep.

F. CONCLUSIONS AND RECOMMENDATIONS
1. Conclusions

The results of this work demonstrated that a very efficient external
shock-mitigating (ESM) material system can be produced from plastic PET
containers, embedded in a matrix of low-density foam. The field testing
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demonstrated the utility of this ESM system, which transmitted only ld percent
of the peak free-field ground shock stress, and attenuated 96.1 percent of the
ground shock impulse. Further work in the laboratory demonstrated that using a
low-density, closed-cell, polyurethane foam as the binder instead of the cellular
foam grout used in the field test, will enable the ESM material system to
accommodate multiple ground shock events, whereas previous ESM material systems
employed single-use, crushable material systems.

2. Recommendations
Perform further ground shock tests on optimized, Tlow-density,

closed-cell, polyurethane foam-PET bottle ESM designs, using multiple ground '
shock events, at the Tyndall AFB Sky-10 test facility.
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SECTION I

INTRODUCTION
A. OBJECTIVE

The objective of this research effort was to investigate basic material
properties that affect shock wave attenuation in construction materials, and to
field-test materials which show promise as external shock mitigators (ESMs) for
Air Force hardened facilities. The data developed provide an insight into shock
attenuation behavior of materials at high strain rates characteristic of high-
intensity, short-duration loadings associated with close- proximity, conventional
weapon detonations.

B. BACKGROUND

The structural design of buried protective structures to resist the effects
of blast loading can be simplified if the structure can be designed to attenuate
the stress wave when shock-loaded. Conservative designs of buried structures
to resist blast loadings can result in costly solutions.

The use of external, shock-mitigating ”backpack” materials surrounding a
structure is one method of protecting a buried structure from the effects of
blast loading. This method holds promise for retrofitting existing buried
structures to provide additional protection from ground shock. By “backpacking”
a buried structure, stress can be attenuated when a shock wave is transmitted
through the backpacking material to the structure.

A suitable shock-absorbing backpacking material should be crushable and
should possess a low compressive strength and a high degree of compressibility,
thereby reducing the magnitude of peak stress reaching the structure, and should
accommodate the peak deformation of the backfill material without a sharp
increase in stress above the compressive strength.




The majority of compressible materials that fit these criteria fall into
two categories: materials having no distinct yield point; and materials having
a distinct yield point. These materials are referred to as plasto-elastic and
elasto-plastic, respectively, as shown in Figures 1 and 2.

The amount of energy absorbed by the backpacking material can be determined
by calculating the area under the stress-strain curves. Typically,
elasto-plastic materials are more efficient energy absorbers than plasto-elastic
materials, but they are also more costly.

C. SCOPE

The scope of this effort included evaluating the efforts of other
researchers in the field of ground shock structure-medium interaction and testing
novel construction materials which are potential ESMs. The effort also included
acquiring materials and equipment, sample preparation, testing, and analyzing
response data. A field test was designed and conducted to evaluate two potential

ESM systems.
D. EXPERIMENTAL CRITERIA

Materials that may mitigate the ground shock effects of close-in
detonations of general purpose aerial munitions were evaluated. Assuming the
detonation occurs at a sufficient scaled depth of burial for full energy
coupling, that is, approximately 1.4 ft/1b"? or greater; and at a scaled
standoff of 2 ft/]b”3, the peak incident free-field stress may range from 200
to 10,000 psi, depending on the soil type and condition. For this type of
scenario, the peak scaled free-field displacement may exceed 2 in/]b”3.(1)

E. TECHNICAL APPROACH

1. Literature Review

A Tliterature review was conducted to identify potential
shock-mitigating materials that would reduce transmitted ground shock and

2
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structural deformation. These materials may also be suitable for use in
retrofitting buried Air Force structures. This literature review identified the
efforts of others researching ground shock structure-medium interaction.

2. Selection Criteria

Criteria for selecting potential ESM materials were based on data
obtained from other researchers, static and/or dynamic stress-strain curves of
candidate materials, and economics. Final selection was based on field testing
two candidate ESM material systems.

3. Laboratory Testing and Evaluation

Preliminary testing of candidate materials was performed in both
static and dynamic modes. One candidate ESM material was tested using high
strain rates in a Split-Hopkinson Pressure Bar (SHPB).

4. Field Testing and Evaluation

A full-scale field test was conducted at the Tyndall AFB Sky-10 test
site. A general-purpose, 1000-pound bomb, buried at a DOB of 8.13 feet, was
detonated 21 feet from the buried north basement wall of the NATO structure.
Pressure gauges were attached to the buried concrete wall to record the incident
and transmitted stresses.




SECTION II
LITERATURE REVIEW

The idea of using a ”backpacking” material for shock isolation of buried
structures is not new. In 1953, Engineering Research Associates, et al (2), in
a report to the U.S. Army Corps of Engineers, dealing with the design of hardened
tunnels in rock, suggested that ”“the space between the lining and the tunnel
surface be filled with a material of low density that will absorb the energy of
the flying rock, distribute the pressure from the fallen rock, and provide a
mismatch of acoustic impedance so that reflection will take place at the tunnel
surface rather than at the surface of the lining.” In 1957, Vaile (3) reported
on the beneficial use of frangible backfill (empty glass gin bottles) in -
isolating and protecting underground structures from violent ground motions in
Operation PLUMBOB.

Sevin, et al (4,5) employed both flexible and rigid polyurethane foams and
preexpanded polystyrene beads as crushable backfill to alleviate shock-induced
motions of buried isolated structures. Da Deppo and Werner (6) also used
crushable materials to reduce loads on buried structures.

Fowles and Curran (7) presented a theoretical description of the
propagation of a pressure pulse in a potential backpacking material, and
concluded that foamed or distended materials are effective in reducing the peak
pressure delivered to a structure when an impulse is applied to the exterior
surface of the backpack material. Smith and Thompson (8) concluded that placing
a material having a low acoustic impedance between the structure and the
confining medium will result in some of the shock energy being reflected and some

absorbed.

Hoff (9) described two types of materials that exhibit ideal stress-strain
behavior for use as backpacking. Plasto-elastic materials (Figure 1) are
compressible, but do not possess a definite yield point; and elasto-plastic
materials (Figure 2) are somewhat compressible, and do possess a definite yield
point. Klotz (10) reported using plasto-elastic materials for shock-isolation
purposes during the HARDHAT Shot of Operation NOUGAT.

6



Rempel (11) investigated rigid plastic foams and honeycombs, whose
stress-strain relations approximate that of the ideal elastic-rigid Tocking
solid, as an energy dissipating material. The advantage of these materials is
that they can be preengineered to furnish almost any crushing stress Tevel
desired. The disadvantage of these materials is that they are much more
expensive, relative to the plasto-elastic materials.

Hoff (21) describes cellular concretes, having unit weights of 20 to 50
Tbs/ft> and air contents as high as 75 percent by volume, as ”“elasto-plastic
materials” that provide the desired shock-isolation characteristics required of
a backpacking material. He also discusses design criteria for a backpacking
system (13), and concludes that it should be of sufficient thickness to accept -
twice the expected deformation of the backfill material, assuming single-burst
loading.

Hinckley and Yang (14) analyzed rigid-plastic polyurethane foams having
various unit weights, as impact shock mitigators at varying strain rates. They
concluded that the strain rate effect decreases as the unit weight of the foam
decreases, and that polyurethane foam is a very effective shock-mitigating
material, as long as it does not experience Tockup. Lockup refers to closure of
the foam pores to the extent that the foam behaves as a solid material. Stresses
greater than the yield stress cannot be transmitted by such materials until
Tockup occurs. The point on the curve where this second elastic or
“pseudo-elastic” region begins is called the Tockup point, and is usually defined
by a percent strain. Hinckley and Yang also developed a computer program that
adequately predicts the force transmitted by the mitigator as a function of time,
and the energy absorbed by the mitigator.

Denson, Ledbetter and Saylak (15) investigated 28 possible backpacking
material systems, of which six were chosen as viable candidates. The six
material systems were: expanded polystyrene concrete, expanded polystyrene
concrete with fly ash, cellular concrete with fly ash, foamed sulfur concrete,
rigid polyurethane foam, and molded expanded polystyrene. The candidate
materials were subjected to confined static and dynamic compressive stress.
Lockup usually occurred at about 40 percent strain. Tensile strain capacity,

7




creep, density, water absorption, specific heat, coefficient of < thermal
expansion, thermal conductivity, and flammability were all determined for the six
viable candidate material systems in this study.




SECTION III
SELECTION CRITERIA

A. EXTERNAL SHOCK MITIGATOR (ESM) PRINCIPLE

The basic requirement for external shock-mitigating (ESM) materials is that
they possess certain characteristics associated with dynamic structure-medium
interaction. The ESM material should dissipate incoming ground shock energy,
reduce the input stress reaching the structure, and accommodate the deformation
of the backfill surrounding the structure. Dynamic structure-medium interaction,
due to ground shock resulting from detonating a conventional weapon below the
ground surface, can be illustrated by three springs in series, the first
representing the backfill, the second representing the ESM material, and the
third representing the wall of a buried structure. Simply stated, the resistance
of the ESM needs to be less than that of the wall, to accommodate the
displacement of the backfill and reduce the deflection of the wall.

B. MATERIALS

Materials that appear to perform satisfactorily as external shock
mitigators are referred to as plasto-elastic and elasto-plastic.

Examples of elasto-plastic materials include:
Rigid Polyurethane foam
Rigid Polystyrene foam
Syntactic foam
Cellular concrete
Inorganic foam
Examples of plasto-elastic materials include:
Expanded clay, shale, and slag
Perlite & Vermiculite
Flexible Organic foam
Foamed Rubber
Organic and Inorganic microballoons
Expanded Polystrene beads




¢

Elasto-plastic and plasto-elastic materials can be further divided into two
other classes of materials based on their chemical composition, that is, organic
and inorganic materials.

1. Organic Materials

Organic foam, such as polyurethane foam, exhibits elastic, nearly
perfectly-plastic stress-strain behavior until lockup occurs at large strain.
Stress greater than yield cannot be transmitted until lockup occurs starting at
the plateau stress shown in Figure 3.

Figures 4, 5, and 6 illustrate the static and dynamic stress-strain
behavior of polyurethane foam having unit weights of 3.5 1bs/ft3, 7.0 1bs/ft3,
and 14.5 1bs/ft> respectively (14). Figure 7 illustrates the strain rate
dependence of the compressive yield stress of polyurethane foam at the
above-mentioned unit weights (14). Apparently, both the degree of strain rate
dependence, and the compressive yield stress itself decrease as the density of
polyurethane foam decreases. This becomes important when designing an ESM
material, to allow only a certain magnitude of stress to be transferred to the
structure at a given strain rate prior to lockup.

2. Inorganic Materials

Cellular concretes, polymer modified concretes and foamed, inorganic
binders have also been shown to operate satisfactorily as ESM materials, based
on their stress-strain behavior. Figures 8, 9, and 10 illustrate the
stress-strain behavior of 45 1bs/ft3 fly ash-modified cellular concrete, expanded
polystyrene bead concrete at 45 1bs/ft3, and foamed sulfur concrete at 36.5
1bs/ft3 respectively. These tests were performed by Denson et al., (15) under
a confined condition, loaded in static compression. Figure 11 illustrates the
effect of density on the stress-strain behavior of foamed su]fur concrete. From
these data, it appears that ESM materials become more efficient as their density
decreases, that is, they exhibit ”“more perfect” plastic behavior.

10
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C. CONCLUSIONS

Based on the results of Hinkley and Yang (14) and Denson, et al.(15),
the performance requirements of an effective ESM material are as follows:

1. Confined yield stress of approximately 100 to 1000 psi.

2. Static compressive stress-strain behavior similar to that of an ideal
elasto-plastic material,

3. Lockup at approximately 40 percent strain,

4. Closed-cell structure,

5. Capable of being precast or cast in place using

conventional construction equipment.
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- SECTION IV
LAB EVALUATION OF CANDIDATE ESM MATERIALS

A. INTRODUCTION

The Tliterature survey proved extremely valuable in the evaluation of
potential candidate ESM materials. This work has been ongoing since the 1950s.
It was decided that the testing and evaluation process would entail both
traditional test methods, such as confined and unconfined compressive
stress-strain curves, and unconventional methods such as the Split Hopkinson
Pressure Bar (SHPB).

Two candidate materials were thoroughly investigated. Hollow ceramic
spheres, which are manufactured and distributed by 3M Corporation under the
tradename Macrolite® Ceramic Spheres, were utilized as a syntactic inorganic
foam. These hollow, ceramic spheres are made by a proprietary process that
enables them to be very durable and lightweight.

A new and unique system was also proposed and tested. This system makes
use of a novel method of incorporating large volumes of confined and entrapped
air in a cementitious matrix. Empty polyester terephthalate (PET) bottles sealed
with the caps in place were packed into a mold and infiltrated with a cellular
cementitious material using a process similar to that used with preplaced
aggregate concrete. The matrix was prepared using portland cement, water, and
a chemical surfactant, to produce a lightweight cellular matrix having a dry unit
weight of approximately 67 1bs/ft3.

B. STATIC STRESS-STRAIN TESTING
1. Bonded Hollow Ceramic Spheres

The Macrolite® (ML 535) hollow ceramic spheres used in this part of
the laboratory effort had a size range of 5.7mm to 12.7mm, and a unit weight of
19 1bs/ft3. The spheres were bonded using an ordinary epoxy resin, at a
concentration of 2 parts per hundred resin (phr), and having a viscosity of 500

21




centipoise at 25°C. The syntactic foam composite was ambient cured for 24 hours.

Figures 12 and 13 show static unconfined and confined compressive
stress-strain curves for the bonded hollow ceramic spheres. In the unconfined
state, the material was crushed, failing at a very small strain and producing a
stress-strain curve similar to that of an ideal plasto-elastic material. In the
confined (uniaxial strain) condition, the material behaved 1like an ideal
elasto-plastic material, and experienced Tockup at about 20 percent strain.

2. Cellular Grouted PET System

The cellular grout binder for the PET ESM material system was also
tested, and the unconfined static compressive stress-strain curve is shown in
Figure 14. The material appears to behave 1ike an ideal plasto-elastic material.
The static confined compressive stress-strain curve could not be generated in the
lab because of load cell capacity restrictions.

C. SPLIT-HOPKINSON PRESSURE BAR

Figure 15 shows the Split-Hopkinson Pressure Bar (SHPB) apparatus used to
determine the dynamic, confined, compressive stress-strain behavior of the hollow
ceramic spheres. Figure 16 shows the plexiglass confinement chamber, fabricated
to photograph the event, using high- speed photography. The principle of the
SHPB, illustrated schematically in Figure 17, is simple. A gas pressure-driven
striker bar impacts the incident bar (bar no. 1), which induces a compressive
stress pulse in the incident bar. The sample is sandwiched between the incident
bar and the transmitter bar (bar number 2). When the incident compressive pulse
reaches the sample, part of the incident pulse 1is reflected, and part is
transmitted through the sample to bar number 2. The transmitted strain pulse and
the integral of the reflected strain pulse are proportional to the stress and
strain in the specimen, respectively (Reference 16).

22
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Figure 15. RACS Split Hopkinson Pressure Bar (SHPB) Apparatus.

Figure 16. Confined Dynamic Compressive Strength Specimen in RACS SHPB
Apparatus (BHCS)
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Figure 18 shows a dynamic, confined stress-strain curve for an §HPB test
on the Macrolite® hollow ceramic spheres. Sample 714 had sphere diameters
ranging between 1.4mm and 2.8mm, and a unit weight of 25 1bs/ft>. The small
sphere diameters were necessary because the RACS SHPB is Timited to a maximum
sample diameter of 5 cm. The magnitude of the incident compressive stress pulse
is determined by the gas gun pressure applied to the striker bar, which for these
tests was 50 psi and caused a 27 ksi compressive stress pulse in the incident

bar.

The cellular grout binder was not tested in the SHPB apparatus. Its
friable nature made it impossible to obtain any meaningful data at high strain
rates, because the sample disintegrated. '

D. CONCLUSIONS

Ideal ESM material systems will accommodate large free- field
displacements, while transmitting small loads to the shelter. To adequately test
ESM materials, specimens must be subjected to large strains (up to approximately
50 percent). The current RACS SHPB setup is not capable of straining specimens
to this level. The loading pulse is too short (striker bar too short). Also,
the ESM material samples could not be made small enough for SHPB testing. The
SHPB is better suited for testing small, homogeneous materials, such as metals,
cement paste, and mortar. Therefore, the stress-strain relationships of the ESM
systems tested in the field, which control their ability to attenuate ground
shock associated with a close-proximity, conventional weapon detonation, are best
determined by a confined static compression test on a sample large enough to be
representative of the in situ material.
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SECTION V
FIELD DEMONSTRATION

A. BACKGROUND

A full-scale field demonstration was performed, incorporating a 1000 pound,
general-purpose bomb, detonated against a buried basement wall of the NATO
structure at the Tyndall AFB Sky-10 test site. The demonstration was performed
to evaluate a current, state-of-the-art syntactic foam ESM material system, as
well as an entirely new system, consisting of grouted PET bottles.

B. TEST PLAN

Figure 19 illustrates the test site layout proposed for the two candidate
ESM materials. Figure 20 shows the expected crater profile, from the denotation
located on the north side of the NATO structure.

1. Test Description

The ESM systems were mounted against the basement wall of the NATO
structure, equidistant from the center of gravity of the 1000-pound bomb, which
was located 8.13 feet below the ground surface. Four pressure gauges were also
placed equidistant from the bomb center of gravity. Gauges SI-2 and SI-3 were
embedded in the bare concrete basement wall. Gauge SI-1 was centered and located
directly behind the ESM material consisting of bonded hollow ceramic spheres
(BHCS). Gauge SI-4 was centered and located directly behind the ESM material
consisting of grouted PET (GPET) bottles. The standoff distance for the bomb was
21 feet from the NATO structure (19.5 feet from the ESM outer surface). The
standoff distance was calculated to give a soil displacement of approximately
0.75 feet (1), which corresponds to 50 percent strain in the 18 inch thick ESM

material systems.
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The following equation was used to calculate scaled peak free-field soil

displacement:
d /W73 = £(500)(1/c) (R/W"?)™!
where: c = 600 fps
n=3.25
f=1.0
W = 526 1bs

Seismic velocity, ¢ = 600 fps for loose, dry, poorly graded sand was obtained
from reference (1). This yields the following result for the standoff distance,
R (ft):

1/2.25
|-

2. Materials

Figure 21 shows the cellular concrete, used as a binder for the
polyester terephthalate (PET) beverage bottles, being poured from a small rotary
mixer. Figure 22 shows the 3 by 3-foot by 18-inch deep mold used to preplace the
PET bottles. The cellular grout was poured into the sealed mold, as shown in
Figure 23, and infiltrated the interstices between the bottles. The finished
mold, shown in Figure 24, was weighed, and based on the unit weight of the
cellular concrete, the void volume (percent volume of air) was calculated as
follows:

Total weight of the ESM material = 434 Lbs= W
Total volume of ESM block = 13.5 ft* = V,
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Figure 21. Mixing Cellular Grout
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Figure 22. Three Foot Square by 18-Inch Deep Mold Containing
Loose PET Bottles
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Figure 24. Completed Grouted PET Bottle Mold
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Unit weight of cellular grout binder = 67 Tbs/ft’= ¢ ca

,,VAB .&-1-.&_0
Vr ScaVr (67)(13.5)

Solid grout (not foamed) unit weight = 137 1bs/cubic foot= ¢y

Vv W, 434
AT 4o 68 L. 2 077
Vr SasVr (137)(13.5)

The hollow ceramic spheres, ranging in diameter from 5.7mm to 12.7mm and
having a bulk density of 19 1bs/ft3, were used to produce another potential ESM
system. An epoxy binder was used to "glue” the beads together, and the composite
material was poured into a mold of the same dimensions described above, as shown
in Figure 25. The hollow spheres were premixed with 2 percent epoxy by weight
prior to being introduced into the mold and cured overnight at room temperature.
Based on the unit weight of the hollow spheres and the weight of the finished ESM
material, the void volume (percent volume of air) was calculated as follows:

Total weight of the ESM block = 305 Lbs = W,

Total volume of syntactic foam block= 13.5 ft’= V,

Unit weight of Epoxy binder = 64.5 1bs/ft* = ¢,

Unit weight of ceramic sphere solid material = 36 Tbs/ft® = ¢

1,002 305 1 0.02 0.38

A1 - Wr * ( ) =1 - —2 oy (— +
/A 1.02V,  “¢es g (1.02)(13.5) 36 645
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C. EXPLOSIVE TEST

The north basement wall was excavated, and pressure gauges were attached
to the wall at the appropriate locations relative to the center of gravity of the
1000 pound bomb, as shown in Figures 19 and 26. Figures 27 and 28 show placement
of the GPET ESM system and the BHCS ESM system, respectively. The ESM material
systems were then buried, and the soil compacted, as shown in Figure 29. Figures
30, 31, and 32 show placement of the bomb guide tube at the 21 foot standoff
distance, and at a depth such that the bomb c.g. would be 8.13 feet below the
ground surface. The 1000 pound bomb was armed, and subsequently lowered into
place, as shown in Figures 33 and 34.

1. Results

The detonation created a crater approximately 45 feet in diameter and 15
feet deep, as shown in Figure 35. The BHCS and the GPET ESM systems were
excavated and examined, as shown in Figures 36 and 37, respectively.

The BHCS ESM system sustained a permanent deformation of 9 to 10 inches,
measured with a rule, as shown in Figure 38. The GPET ESM system sustained a
permanent deformation of only 1 to 2 inches, measured with a rule, as shown in
Figure 39. It appeared from the excavated samples that the GPET ESM system
experienced about the same peak deformation as did the BHCS system, but
decompressed and returned to almost its original size.

The pressure gauges located on the bare concrete basement wall, SI-2 and
SI-3, recorded peak interface stresses of 1,150 psi and 548 psi, respectively.
The theoretical interface pressure predicted by Conwep was about 490-500 psi.
From the shape of the measured stress-time curve in Appendix A-2, it appears that
gauge SI-2 malfunctioned, due to being contacted by a rock or bomb fragment. The
transmitted stress recorded by gauge SI-1, centered behind the BHCS ESM system,
recorded a peak stress of 52.3 psi, as shown in Figure 40. Gauge SI-4, centered
behind the grouted PET ESM system, recorded a peak stress of 59.9 psi, as shown
in Figure 41. The raw data from the pressure gauges are given in Appendix A.
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Completed Mold of Epoxy Bonded Hollow Ceramic Spheres

Figure 25.

v
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Figure 26. Installation of Pressure Gauges Into Basement
of NATO Structure
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Figure 27. Placement of Grouted PET-ESM System Against Basement Wall
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Figure 28. Placement of Bonded Hollow Ceramic Spheres-ESM System
Against Basement Wall
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Figure 29.

Burial of ESM Systems
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Figure 30. Positioning of Bomb Guide Tube in Excavated Hole
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Figure 31. Placement of Bomb Guide Tube in Excavated Hole
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Figure 32. Burial of Bomb Guide Tube and Backfill Compaction
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Figure 33.

Arming the 1,000 Pound Bomb
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Figure 34. Lowering Bomb Into Hole
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Figure 35. Resultant Crater Approximately 45 Feet in Diameter and 15 Feet Deep
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Figure 36. Condition of BHCS-ESM System After Detonation
51




Figure 37. Condition of Grouted PET-ESM System After Detonation
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Figure 38. Thickness Remaining of BHCS-ESM Material System After Detonation
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Figure 39.

Thickness Remaining of Grouted PET-ESM Material System After
Detonation
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2. Conclusions

The primary conclusions that can be reached from the field test are
the following:

a. Both ESM systems appeared to have accommodated the backfill
deformation without lockup, and transmitted only about 10 percent of the peak
free field stress to the concrete basement wall.

b. The grouted PET ESM system (GPET) appears to be able to
function as desired under multiple ground shock loadings. This is a first for
ESM materials, which in the past have all deformed or crushed irreversibly.

C. The GPET ESM system attenuated 96.1 percent of the ground shock
impulse as shown in Figure 42, calculated from the area under the P-T curves.
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SECTION VI
ESM OPTIMIZATION

A. INTRODUCTION

The field test data from a close-proximity detonation of a conventional
1000-pound bomb against a below-grade wall of a protective structure illustrates
the benefits of ESM materials. Figures 40, 41 and 42 illustrate the drastic
reduction in both transmitted ground shock stress and transmitted ground shock
impulse to a buried wall which can be achieved by using an ESM material.

B. ELASTO-PLASTIC BINDER

Figure 14 shows the unconfined compressive stress-strain curve of the
cellular grout binder for the PET ESM System. This curve is very similar to the
stress-strain behavior of an ideal plasto-elastic material, shown in Figure 1.
Therefore, it was postulated that a binder-PET ESM material system would out
perform the cellular grout binder system if the cellular grout binder were
replaced by a binder that behaved more like an ideal elasto-plastic material.
This material should have the performance characteristics described in Section
ITIC.

Figure 43 illustrates the unconfined compressive stress-strain behavior of
a low-density, closed-cell polyurethane foam binder. The polyurethane material
used was Chempol 030-2334 resin and 030-2416 curing agent. This is a
freon-blown, low-density foam having a unit weight of 1.3 1bs/ft3. It was
supplied by Cook Composites and Polymers, Kansas City, Missouri. Figure 43 also
shows the stress-strain behavior for the same Tlow-density, closed-cell
polyurethane foam binder, incorporating the same volume percent of PET bottles.
Calculating the total volume of air in this system by the method used in Section
IV-B.2, the total volume of air was calculated to be 96 percent.
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Figure 43. _ Comparison of Unconfined Compressive Stress-Strain Behavior of 1.3
1bs/ft Neat Polyurethane Foam and Polyurethane Foam Plus PET Bottles
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Both materials were tested in unconfined compression to 50 percent strain,
which produced an interesting result. The Jow-density, closed cell polyurethane
foam binder did not fully recover from the 50 percent deformation. In fact, only
about 10 percent of the deformation was recovered, resulting in approximately 40
percent permanent deformation. However, the low-density, closed-cell
polyurethane foam binder-PET (PUPET) bottle ESM material system recovered almost
totally from the 50 percent deformation, resuiting in a permanent deformation of
approximately 7-8 percent.

C. QUASI-STATIC ADIABATIC PROCESS

When an ideal gas such as air, undergoes a quasi-static adiabatic process, -
the pressure, volume, and temperature changes are related by the following
equations:

dQ - du + PdV = &V +PV) - VdP
- CdT + PdV - C,dT - VdP

Since dQ = 0 in an adiabatic process,

VdP - C,dT
PdV - -C,dT

Dividing elements of the first equation by corresponding elements of the second
expression yields
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where ¢ is the ratio of the molar heat capacities, Cp/Cw ¢ is constaht in an
adiabatic process involving small or moderate temperature changes, so that

integration yields

in P = - ¢ In V + In(constant)

or,

PV¢ - constant

The value of ¢ for air and other ideal gases can be obtained by measuring the
speed of sound in the gas at a specific temperature. The computation of ¢ from
sonic measurements is treated in standard thermodynamics texts (17).

In Figure 44, curve I represents the static, unconfined compressive
stress-strain curve of the PUPET system. Curve II represents the quasi-static
adiabatic compression of air trapped in the PET bottles. Comparison of curve II
with curve I shows that the two curves become parallel, and therefore the
adiabatic compression of air in the PUPET system starts when the polyurethane
foam binder reaches its yield point. Upon releasing the load at 50 percent
strain or more, adiabatic expansion of the air in the bottles occurs, and the
PUPET system returns to its original size and shape, as shown in Figures 45 and
46.

D. CONCLUSION

It would be advantageous to use the PUPET ESM material system, rather than
the GPET ESM material system, to resist repeated deformations from multiple

ground shock loadings.
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Figure 44. Stress-Strain Behavior of Polyurethane Foam-PET Bottle System

Compared with the Adiabatic Compression of Air

63




Figure 45. Polyurethane Foam Binder-PET ESM Material System in Test Frame
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Figure 46. Polyurethane Foam Binder-PET ESM Material System Recovery
After 50 Percent Deformation.
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SECTION VII
CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSTIONS

This work produced a very efficient ESM material system, composed of virgin
or possibly recycled plastic PET containers, in a matrix consisting of a
low-density foam system. Field testing demonstrated the utility of this ESM
system, which transmitted only 10 percent of the peak ground shock stress, and
attenuated 96.1 percent of the ground shock impulse. Further laboratory work
demonstrated that using a low-density, closed-cell polyurethane foam as the
binder of the ”PET plastic bottle” system will enable the ESM material to
accommodate multiple ground shock events, whereas previous ESM material systems
employed single-use, crushable material systems.

B. RECOMMENDATIONS
Further ground shock testing should be performed on optimized, low-density,

closed-cell, polyurethane foam-PET bottle (PUPET) ESM designs, using multiple
ground shock events at the Tyndall AFB Sky-10 test facility.
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